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One Sentence Summary: A heat-stable microparticle platform improves oral micronutrient 

delivery. 

 

Abstract: Micronutrient deficiencies affect up to 2 billion people and are the leading cause of 

cognitive and physical disorders in the developing world. Food fortification is effective in treating 

micronutrient deficiencies; however, its global implementation has been limited by technical 

challenges in maintaining micronutrient stability during cooking and storage. We hypothesized 

that polymer-based encapsulation could address this and facilitate micronutrient absorption. We 

identified poly(butylmethacrylate-co-(2-dimethylaminoethyl)methacrylate-co-

methylmethacrylate) (1:2:1), BMC, as a material with proven safety, offering stability in boiling 

water, rapid dissolution in gastric acid, and the ability to encapsulate distinct micronutrients. We 

encapsulated 11 micronutrients (iron, iodine, zinc, and vitamins A, B2, niacin, biotin, folic acid, 

B12, C, D), and co-encapsulated up to 4 micronutrients. Encapsulation improved micronutrient 

stability against heat, light, moisture, and oxidation. Rodent studies confirmed rapid micronutrient 

release in the stomach and intestinal absorption. Bioavailability of iron from microparticles, 

compared to free iron, was lower in an initial human study. An organotypic human intestinal model 

revealed increased iron loading and decreased polymer content would improve absorption. Using 

process development approaches capable of kg-scale synthesis, we increased iron loading over 30-

fold. Scaled batches tested in a follow-up human study exhibited up to 89% relative iron 
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bioavailability compared to free iron. Collectively, these studies describe a broad approach for 

clinical translation of a heat-stable ingestible micronutrient delivery platform with the potential to 

improve micronutrient deficiency in the developing world. These approaches could potentially be 

applied towards clinical translation of other materials, such as natural polymers, for encapsulation 

and oral delivery of micronutrients. 

 

 

Introduction 

Micronutrient deficiencies are prevalent across the developing world, affecting 2 billion people 

(1) and causing cognitive and physical disorders such as anemia, blindness, birth defects, impaired 

growth in children (2-7), and around two million childhood deaths per year (8-10). Large-scale 

human trials have established that micronutrient fortification of foods can effectively treat 

micronutrient deficiencies (11-18), but this approach has been limited (19-21) due to poor 

implementation in certain countries and unaddressed technical challenges related to micronutrient 

stability during storage and cooking. For example, heat, moisture, and oxidation encountered 

during cooking can impair absorption of vitamins through degradation (17, 18, 22-26), or make 

food unpalatable through chemical changes to minerals (27). As such, the development of 

technologies that address these stability challenges can facilitate implementation of staple food 

fortification and impact global health by treating worldwide micronutrient deficiencies. 

 Current micronutrient technologies focus on encapsulation in microparticles (MPs), 

nanoparticles, agglomerates, and powders using biopolymers and food-additives such as proteins, 

polysaccharides, lipids, and surfactants (28-33). However, these approaches are limited in 

addressing the stability challenges encountered during end use of the micronutrients (cooking) and 



4 
 

delivery challenges related to micronutrient release and subsequent absorption by the body. We 

hypothesized that we could address this by using a pH-sensitive polymer that: encapsulates both 

water-soluble and fat-soluble micronutrients; protects the encapsulated micronutrient from high 

temperature, moisture, and oxidizing agents; and rapidly releases in the stomach to ensure 

intestinal absorption.  

Using an encapsulating matrix, we describe a MP delivery platform that: encapsulates 11 

micronutrients individually and up to 4 micronutrients in combination; enhances micronutrient 

stability after exposure to boiling water, light, or oxidizing chemicals found in common foods; and 

rapidly releases micronutrients upon exposure to simulated gastric fluid (SGF). In vivo studies 

confirmed rapid micronutrient release in the stomach and subsequent absorption in the small 

intestine. In humans, we investigated the bioavailability of ferrous sulfate (iron) after ingestion of 

iron-loaded MPs. Alongside complementary studies in an organotypic intestinal model, we 

identified MP iron loading and MP polymer content to be absorption limiting parameters in 

humans. We then developed and subsequently leveraged large-scale process development 

approaches to simultaneously increase loading and decrease polymer content in MPs. In a second 

human trial, MPs synthesized at scale with higher iron loading and lower polymer content 

demonstrated non-inferior absorption as compared to non-MP controls. These results indicate that 

this MP platform can be used to individually encapsulate or co-encapsulate micronutrients in a 

modular manner, maintain stability over 2 hours in boiling water, and then rapidly release in gastric 

conditions to successfully deliver micronutrients to humans. Overall, our study details a broad 

approach from conception to human trials of a highly heat-stable MP platform for oral 

micronutrient delivery. 
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Results  

Formulation of MPs at laboratory scale 

We initially considered over fifty potential polymers that could simultaneously be stable in boiling 

water and dissolve rapidly in low pH and closely evaluated ten candidates (table S1). BMC 

[poly(butylmethacrylate-co-(2-dimethylaminoethyl)methacrylate-co-methylmethacrylate) 

(1:2:1)], available commercially as either a U.S. Food and Drug Administration (FDA)-approved 

inactive ingredient (Eudragit E PO-powder) or a self-affirmed generally recognized as safe 

(GRAS)-status material (Eudraguard Protect-powder) was selected as the MP encapsulation 

material as it simultaneously addresses the above challenges (table S1) (34-41). Micronutrients 

were encapsulated individually in MPs using a one-step (Fig. 1A) or two-step (Fig. 1B) emulsion 

process, followed by centrifugation to remove unencapsulated micronutrients. In both approaches, 

BMC was used as the encapsulant; however, the two-step process used either hyaluronic acid (HA) 

or gelatin (Ge) as an additional stabilizing excipient included in the first step (Fig. 1B). For the 

two-step process, MPs sampled during the first step were about 5 µm in diameter (Fig. 1C) 

whereas after the second step they exhibited a hierarchical particle-in-particle structure about 200 

µm in diameter (Fig. 1, D and E). The two-step process was used for water-soluble micronutrients 

that could not be encapsulated using the one-step process, due to non-homogenous suspension of 

water-soluble micronutrients. This two-step approach was additionally used to enable the co-

encapsulation of vitamins A, D, folic acid, and B12 (fig. S1). In contrast, MPs synthesized via the 

one-step process exhibited homogeneous internal structure and were about 200 µm in diameter 

(Fig. 1F). Formulation parameters, loadings, and encapsulation efficiencies for each of the lab-

scale MPs are shown in table S2. 

 



6 
 

Controlled release of micronutrients in vitro  

In vitro release studies confirmed the retention of micronutrients in the encapsulated MPs after 

exposure to room temperature (RT) water or boiling (100°C) water (Fig. 2). pH-responsive burst 

release was exhibited when particles were exposed to 37°C SGF at pH 1.5 (Fig. 2). Micronutrient 

retention during 2 h in boiling water was used as a baseline index of MP stability under simulated 

cooking conditions, since micronutrients such as vitamin A undergo chemical degradation when 

exposed to high temperature or humidity (16, 17). The one-step process was confirmed to achieve 

retention (>80% at 120 min) in 100°C or RT water and rapid release (>80% at 30 min) in 37°C 

SGF for most individually encapsulated micronutrients (Fig. 2). The two-step process was 

developed to further stabilize highly water-soluble micronutrients within the BMC matrix (Fig. 2). 

More specifically, when the two-step process that included HA as the stabilizing biopolymer was 

used to encapsulate FeSO4, the payload was largely retained (>90% at 120 min) in 100°C or RT 

water and rapidly released (>80% at 30 min) in 37°C SGF, whereas FeSO4 formulations 

synthesized via the one-step process exhibited payload release, even in RT water. The role of pH 

in modulating release kinetics was investigated using vitamin B12 as a representative 

micronutrient, where payload release was achieved more rapidly at lower pH values (fig. S2). 

Time-lapse imaging of vitamin A-BMC MPs immersed in SGF exhibited payload release in <1 

min (Fig. 2B), as did Fe-HA-BMC MPs (Fig. 2C). Four co-encapsulated vitamins, water-soluble 

vitamins B12 and folic acid introduced in step 1 and fat-soluble vitamins A and D introduced in 

step 2 (fig. S1), each maintained payload retention (>80% at 120 min) in 100°C or RT water and 

rapidly released (60-90% at 30 min) the payloads in 37°C SGF (Fig. 2, D-G). Together, these 

results indicate that the BMC MP platform system can be used to individually encapsulate or co-
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encapsulate micronutrients in a modular manner, provide retention during 2 hours in boiling water, 

and enable burst release in 37°C SGF.  

 

Micronutrient stability under heat, water, ultraviolet light, and oxidizing agents 

Many micronutrients, such as vitamin A (23-25) and iron (26), are sensitive to high temperatures, 

moisture, ultraviolet light, or oxidizing chemicals, which can lead to degradation or changes in the 

oxidative states and thus limit absorption after ingestion (26). As such, we studied the role that 

BMC encapsulation plays in improving micronutrient stability against these challenges for both 

individually and co-encapsulated formulations. We first investigated protection of the 

micronutrient payload during 2 hours in boiling water, which exposed the payload to high 

temperatures and moisture. For the encapsulated fat-soluble micronutrients vitamin A and D, over 

5- and 18-fold enhanced recovery was observed, respectively, as compared to unencapsulated 

counterparts (Fig. 3A), after exposure to boiling water conditions for 2 hours. Similarly, 

encapsulation protected water-soluble vitamins C and B2 during boiling, as both water-soluble 

vitamin groups exhibited enhanced recovery as compared to unencapsulated controls (Fig. 3A). 

We next investigated protection of the micronutrient payload after 24 hours of light exposure (280 

µW/cm2), since both vitamin A (32) and vitamin D (42) are rapidly degraded by ultraviolet light 

in their unencapsulated forms (Fig. 3B). Recovery after light exposure was significantly improved 

by over 15- and 3-fold for vitamin A and D, respectively, encapsulated in BMC MPs as compared 

to unencapsulated controls (Fig. 3B, P < 0.05).  

Similar to individually-encapsulated micronutrients, co-encapsulated micronutrients 

maintained their biological activity after exposure to boiling water for up to 2 hours (Fig. 3C). 

Negative oxidizing interactions between micronutrients in fortified products and micronutrients 
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naturally present in food sources readily occur, and these interactions can negatively impact 

absorption and bioavailability (18). For example, polyphenols present in food catalyze iron 

oxidation, resulting in a dramatic color change, from a highly bioavailable ferrous (Fe2+) state to a 

ferric state (Fe3+) (43) that exhibits poor bioavailability (26). To examine whether BMC 

encapsulation prevents interactions between the encapsulated iron and oxidizing chemicals present 

in food, BMC-encapsulated and unencapsulated iron was added to polyphenol-rich banana milk 

and the color change was quantified over time. Iron encapsulation in HA-BMC MPs exhibited less 

color change, and therefore less oxidation, in banana milk as compared to unencapsulated iron 

(Fig. 3D). These results indicate that the BMC MP matrix can limit interactions between the 

encapsulated iron and the free polyphenols in food. Finally, to demonstrate a maintained capability 

for pH-controlled release of iron following exposure to high temperature, moisture, and oxygen, 

iron-loaded MPs that were first boiled for 2 hours and then immersed in SGF were visualized using 

real-time microscopy, confirming that they maintained their ability to rapidly release their iron 

payload at low pH (Fig. 3E). After boiling, HA-BMC MPs retained similar morphology (fig. S3) 

to pre-boiling (Fig. 1D). Overall, these results indicate that encapsulation in BMC protects 

micronutrient payloads during exposure to high temperatures, moisture, ultraviolet light, and 

oxidizing chemicals. 

 

Release of a model payload and absorption of vitamin A in vivo  

To confirm BMC MP dissolution in vivo, female SKH1-Elite mice were used to track payload 

release using the near infrared fluorescent dye 1,1'-Dioctadecyl-3,3,3',3'-

Tetramethylindotricarbocyanine Iodide (DiR) encapsulated in BMC. DiR can be differentiated in 

the encapsulated and released states by investigating the influence of environmental conditions on 
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DiR’s fluorescent properties using established imaging techniques (44). A 14-point spectral 

fingerprint of a DiR-loaded BMC MP was obtained when the MP was suspended in water. In 

contrast, when DiR is released from a BMC MP in SGF, the resulting blue shift exhibits a spectral 

profile distinct from encapsulated DiR. As such, the encapsulated and released DiR could be 

differentiated using their distinct fluorescent fingerprints (fig. S4). The two fingerprints of the dye 

in either encapsulated or released form were used to indirectly reflect the dissolution of the BMC 

MPs in vivo. DiR-loaded BMC MPs were administered orally to mice, and at timed intervals the 

animals were euthanized and the complete gastrointestinal tract was excised for ex vivo 

fluorescence imaging (Fig. 4A). Both the physical state of the dye (encapsulated or released) and 

the physiological location of the dye in the gastrointestinal tract were visualized (Fig. 4A) and 

quantified (Fig. 4B). At 15 minutes, the stomach contained a mixture of encapsulated and released 

DiR, suggesting that the BMC MPs were partially dissolved and a portion of payload was released 

but had not yet entered the intestines. At 30 minutes, DiR signal was predominately detected as 

both encapsulated dye in the stomach and released dye in the intestines. At 60 minutes, minimal 

signal of BMC encapsulated DiR was detectable, highlighting how the majority of particles 

released their payload within 1 hour. Furthermore, at 1 hour the released dye signal was exclusively 

in the intestines, implying that the released payload had passed through the stomach and into the 

intestines within 1 hour. These findings confirm rapid release of a model payload from orally 

administered MP into the murine gastrointestinal tract. To determine whether this rapid release 

would facilitate absorption of encapsulated micronutrients, we evaluated the absorption of vitamin 

A in female Wistar rats. Tritium-labeled vitamin A was orally administrated to rats by gavage in 

both the free form and BMC-encapsulated forms and blood samples were taken to evaluate vitamin 

A content over a period of 6 hours (Fig. 4C). Encapsulated vitamin A exhibited statistically 
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indistinguishable absorption relative to free vitamin A (Fig. 4C), highlighting that encapsulation 

in BMC did not influence absorption.  

 

Bioavailability of iron in humans and iron transport in an in vitro intestinal barrier model 

Fe-HA-BMC MPs were investigated for their ability to deliver bioavailable iron in humans. Iron 

bioavailability was investigated through the consumption of 3 stable iron-isotope labeled test 

meals administered in a randomized single-blind, cross-over design to fasting young women [n=20 

mean±SD hemoglobin (Hb) = 13.4 ± 0.85 g/L, and geometric mean (95%CI) plasma ferritin (PF) 

11.6 (9.4, 14.5) µg/L] (table S3). The test meals were whole-grain maize porridge with vegetable 

sauce, an iron-absorption inhibitory meal (45) with an iron:phytic acid molar ratio of 1:6.5 and 

negligible (0.4 mg/meal) ascorbic acid content, to which labeled unencapsulated or encapsulated 

ferrous sulfate was added after cooking. Two test meals contained 4 mg iron as labeled ferrous 

sulfate (either 54Fe or 57Fe) in HA-BMC MPs (encapsulated iron), which was added either before 

or after cooking, to investigate the effects that cooking (30 min baking at 100°C) had on iron 

bioavailability after MP encapsulation. The third test meal, the reference, contained 4 mg 

unencapsulated iron (free) as labeled ferrous sulfate (58Fe). The geometric mean (95%CI) of 

fractional iron absorption (FIA) of the reference meal (free uncooked Fe) was 3.36 (2.29, 4.95)%, 

whereas the fractional iron absorption of ferrous sulfate from uncooked Fe-HA-BMC MPs was 

1.46 (0.77, 2.79)% (Fig. 5A). Fe-HA-BMC MPs exhibited 44 (22, 88)% relative iron 

bioavailability (RBV) as compared to unencapsulated ferrous sulfate (P < 0.01) (Fig. 5A). Cooking 

the encapsulated ferrous sulfate had no effect on its bioavailability [FIA: 1.41 (0.91, 2.19)%, and 

RBV: 42 (34, 53)%] (Fig. 5A).  



11 
 

Although the first human study showed that Fe encapsulation in HA-BMC MPs reduces 

iron bioavailability as compared to unencapsulated iron (Fig. 5A), our platform demonstrated 

efficacy in delivering bioavailable iron to humans, independent of cooking conditions (Fig. 5A). 

It has been previously reported that materials that encapsulate micronutrients can interfere with 

absorption (15); as such, we investigated the role that HA and BMC independently play in the 

intestinal absorption of iron. In vitro studies were designed to simulate conditions of iron 

penetration of the intestinal epithelial cell barrier in humans after oral ingestion of Fe-HA-BMC 

MPs. A commercially available human intestinal epithelial cell barrier model (EpiIntestinal, 

MatTek) provided a test platform to investigate the effect the MP constituents have on intestinal 

iron absorption by systematically varying the relative concentrations of iron, HA, and BMC. The 

model consisted of primary small intestine epithelial cells obtained from a healthy human donor, 

dissociated enzymatically, and cultured in customized medium on cell culture inserts within 12-

well-plates to form a functional, columnar-like three dimensional (3D) epithelial barrier layer (46).  

Oral administration of iron formulations was modeled by adding samples into the apical 

surface of the intestinal barrier, accessible as the cell culture insert in the upper compartment of 

the well-plate and, after a one hour incubation period, quantifying iron transport as the amount that 

passed through the tissue barrier and could be determined by analysis of the culture medium in the 

lower compartment of the well-plate. The transport of iron added in combination with HA (Fig. 

5B) and/or BMC (Fig. 5C) was expressed as a percentage of the transport of free iron added in the 

absence of HA or BMC. HA presence exhibited no significant effect on iron transport through the 

intestinal barrier (Fig. 5B). Moreover, iron was readily transported through the barrier at the Fe:HA 

ratio used in the MPs tested in this first human study. In contrast, unencapsulated BMC added to 

iron at increasing percentages significantly reduced iron transport through the intestinal barrier 
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(Fig. 5C). In particular, iron was poorly transported through the barrier when present at the BMC 

percentage of 96%, which corresponds to the percent BMC in the MPs tested in human subjects. 

At the percentage of BMC present in the current MP formulation, iron transport was reduced to 

37% compared to free iron. Similarly, iron transport was reduced to 33% of that measured for free 

iron when the neutralized contents of MPs dissociated by incubation in SGF were added to the 

intestinal barrier (Fig. 5C). Interestingly, as BMC percentage decreased the iron transport-

inhibiting effects of BMC became negligible, which indicates that formulations containing lower 

percentage of BMC may not inhibit iron transport across the intestines. By using this organotypic 

model to determine the conditions that do not inhibit iron transport, we have highlighted the utility 

of in vitro models for use in screening micronutrient formulations to inform MP design (47). 

 

Process development and scale-up 

The MPs described were conceived and synthesized as lab-scale research formulations. Although 

emulsion-based microencapsulation methods are a staple in many biomaterial and formulation labs 

at the academic level (28, 48), we encountered considerable challenges in increasing the iron 

loading when encapsulated in BMC. To address this, and to overcome the absorption issues that 

were encountered in the first human study, we developed new processes to increase the loading of 

iron in our formulation (Fig. 6A). A commercially-available spray dryer and a customized spinning 

disc atomizer were used to formulate Fe-HA MPs (Fig. 6B) and Fe-HA-BMC MPs (Fig. 6C), 

respectively, at the kilogram scale. The initial scaled formulation was designed to recreate the 

0.6% iron loading used in the first human study. Batches of Fe-HA-BMC MPs produced at the 

pilot scale (> 1 kg) and at the same compositions of those used in the first human study met the 

same loading, stability, and pH controlled release criteria as the lab-scale formulation tested in 
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humans (Fig. 6D). We further developed processes to increase the loading of iron in BMC particles 

to 3.19% (fig. S5A) and 18.29% (fig. S5B), which additionally decreased BMC amounts (table 

S4). These scaled and high-loaded iron BMC MPs exhibited near complete release of iron in SGF 

in less than 5 minutes (fig. S5C). As expected, the release of iron in pH 5 buffered water 

demonstrated a pH-dependency (fig. S5, A and B). For human studies, food grade iron-loaded 

BMC particles with acceptable values for residual dichloromethane (DCM), endotoxins, and 

microbial bioburden (table S5) were used. These scaled MPs were also examined for their ability 

to prevent interactions between the encapsulated iron and oxidizing chemicals present in food as 

described above with polyphenol-rich banana milk. It was demonstrated that the scaled Fe-HA-

BMC MPs induced less color change as compared to all free forms of iron, both with and without 

the other MP constituents (HA, BMC, HA with BMC) (fig. S5D). 

  

Bioavailability of iron particles of 5- and 30-fold higher loading in humans 

Fe HA-BMC MPs at over 5-fold and over 30-fold higher iron loading, compared to the lab-scale 

batch used in the first human trial, were investigated for their ability to deliver bioavailable iron to 

humans in a second human study. In this study, a non-iron inhibiting food matrix (wheat bread) 

was used to better compare unencapsulated iron and encapsulated iron by solely focusing on 

absorption, as opposed to both absorption and particle-mediated protection against small 

molecules that chelate iron. Nine test meals containing identical doses of iron (4 mg Fe) were 

administered in a partially randomized single-blind, cross-over design to fasting young women 

[n=24, Hb: 13.2 ± 0.95 g/l, and PF: 13.2 (10.5, 16.5) µg/L] (table S3). Three meals contained iron 

as labeled ferrous sulfate in 3.19% 54Fe-HA-BMC MPs, 18.29% 57Fe-HA-BMC MPs, and 4 mg 

unencapsulated ferrous sulfate (58Fe, reference meal). In all cases, iron was added prior to baking 
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the bread at 190°C for 20 minutes. In contrast to the first human study, 18.29% Fe-HA-BMC-MPs 

[FIA: 17.0 (13.2, 21.9)%] exhibited iron absorption that was not statistically different relative to 

unencapsulated iron [FIA: 19.2 (15.3, 24.29)%] (Fig. 7). The 5-fold higher loaded 3.19% Fe-HA-

BMC MPs [FIA: 13.7 (11.1, 16.8)%] exhibited significant lower absorption as compared to both 

unencapsulated and the highest loaded 18.29% Fe-HA-BMC MPs. Compared to the reference 

meal, 3.19% and 18.29% Fe-HA-BMC MPs exhibited 71 (62, 82)% and 89 (74, 107)% relative 

iron bioavailability, respectively.  

In this same human study we investigated how competitive absorption, related to the co-

delivery of other micronutrients or BMC-encapsulated micronutrients alongside Fe-HA-BMC 

MPs, can influence absorption of iron from Fe-HA-BMC MPs. Co-delivery of VitA-BMC MPs 

[FIA: 12.7 (9.29, 17.5)%] or VitA-BMC MPs with free folic acid [FIA: 14.3 (11.2, 18.3)%] did 

not impact iron absorption (fig. S6), indicating that competition between co-delivered 

micronutrients or BMC-encapsulated micronutrients is not a major concern for the combinations 

studied here. In 4 additional test meals we investigated the individual role of each MP component 

and how co-administering these components in free form influences absorption of iron as 

compared to formulation Fe-HA-BMC MPs. Our results indicated that absorption from free ferrous 

sulfate was not significantly affected by either HA [FIA: 20.7 (16.1, 26.7)%], BMC [FIA: 16.6 

(12.0, 23.2)%], or HA-BMC [FIA: 16.3 (11.7, 22.8)%]. Similarly, when Fe was encapsulated in 

HA [FIA: 15.1 (11.3, 20.3)%], iron absorption was not significantly different from the reference 

meal. Our results indicated that absorption was not significantly affected by either HA or BMC as 

compared to free iron; however, when HA and BMC were formulated as MPs, a decrease in 

absorption compared to free iron and free iron with HA was observed (fig. S7). This phenomenon 

is unlikely to occur for our highest loaded 18.29% Fe-HA-BMC MPs formulation, as it 
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demonstrated comparable absorption relative to the reference (Fig. 7). Collectively, these results 

indicate that the absorption-limiting encapsulation that was observed in the first human study can 

be overcome and addressed through further development and increased loading of iron and 

decreased BMC content in HA-BMC MPs.  

 

Discussion 

In this work we describe polymer-based MPs that encapsulate 11 micronutrients individually or 

up to 4 in combination, maintain micronutrient stability during cooking and storage, and rapidly 

release micronutrient payloads. Modularity of the MP platform affords freedom to control the 

delivery and thus the dosing of each micronutrient for individual or large-population fortification 

needs. Studies in mice confirmed rapid micronutrient release in the stomach and absorption of 

vitamin A In the first human study, the bioavailability of iron from iron-loaded MPs was verified 

to be 44% of unencapsulated iron control after oral ingestion. Using an organotypic human 

intestine model, we discovered that low iron loading and high BMC amount were responsible for 

the lower bioavailability in this first human study. As such, process development approaches were 

leveraged to overcome these limitations of our lab-scale MPs. Industrially relevant spray drying 

and spinning disc atomization processes enabled increased iron loading while reducing the amount 

of BMC polymer in our iron-loaded MPs. In a subsequent human study using iron-loaded BMC 

MPs of over 5- and 30-fold higher iron loading and 25 and 85% less BMC polymer, we showed 

that our leading formulation exhibited statistically indistinguishable bioavailability as compared 

to an unencapsulated control. Specifically, the MP formulation of higher iron loading and lower 

BMC content used in the second human study address bioavailability issues; however, it should 

be noted that the highest iron-loaded MP exhibited lower stability in water and higher pH solutions. 
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As such, further optimization of BMC content and iron loading for both release and absorption 

may be required since variability of pH values in the stomach of human subjects at the time of 

ingestion (49) may be a potential source for observed absorption differences. Together, we 

describe a broad approach encompassing the design and clinical introduction of a controlled 

release platform for vitamins and minerals that can address unmet technological needs to improve 

global health.  

The basis of our strategy for food fortification focused on formulation of MPs using BMC, 

a polymer encapsulant that has historically been used for its advantages in encapsulation, 

enhancing stability, facilitating rapid and controlled release, toxicity, amenability to 

manufacturing processes, and widespread use in many nutraceuticals and pharmaceutical products 

(34-41, 50). BMC was selected after an in-depth analysis of over fifty potential polymers. With 

regards to enhanced stability, it has been previously demonstrated that the water vapor 

permeability of BMC (51) is lower than what is commonly used for preservation of fruits and 

vegetables (52); thus it is likely that the known moisture barrier properties of BMC provides 

protection against humidity and small molecule diffusion by acting as a physical barrier between 

the payload and the environment. The ultraviolet-protective abilities of BMC can likely be 

attributed to the increased refractive index due to encapsulation in BMC (53), which will lower 

light exposure to encapsulated micronutrients. BMC is soluble at low pH in aqueous solutions and 

in non-aqueous solvents; as such, the solubility of BMC enabled rapid dissolution and release in 

stomach conditions, thus providing the versatility to facilitate encapsulation of 11 distinct 

micronutrients. An additional aspect of our reasoning for selecting BMC involves the existing 

infrastructure and knowledge-base that would enable the translation of a BMC-based technology. 

For example, BMC is already used commercially, has been shown to be compatible with large-
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scale manufacturing processes, has a history of acceptance by the FDA, and is generally regarded 

as safe (54). The choice of solvent, DCM, used in the particle fabrication process at scale and 

removed afterwards, has essential roles in the preparation of other everyday consumer products 

such as decaffeinated coffee (55). Recently, the Joint Food and Agriculture Organization of the 

United Nations and the World Health Organization (FAO/WHO) Expert Committee on Food 

Additives (JECFA) yielded a positive response for BMC, specifically for micronutrient 

encapsulation for food fortification (56). JECFA concluded that the use of BMC is not a safety 

concern when the food additive is used for micronutrient encapsulation for food fortification at the 

intended use amounts and recommended an acceptable daily intake (ADI) of "not 

specified." Subsequently, the Codex Committee on Food Additives (CCFA) agreed to accept the 

JECFA recommendations (57). As such, concerns about the toxicity of BMC have been previously 

and extensively evaluated and addressed (50, 54); furthermore, the doses described here and the 

potential doses that may be used in practice would be unlikely to exceed the well-published 

limitations for oral exposure.  

The human absorption studies described here were performed in a well-controlled setting. 

Both studies were performed in young healthy women where the prevalence of iron deficiency in 

the study population was 65 and 58% in human studies 1 and 2, respectively. The meal was 

specified in terms of mass and volume, the dosing of encapsulated iron was measured precisely, 

and the cooking conditions were well controlled using standardized procedures. Iron status will 

likely differ in real-world settings where people consuming the micronutrients will be from 

different countries where staple foods vary. Additionally, the age, health status and eating habits 

of individuals will vary in different cultures as well as within households. As such, further human 

testing for efficacy, especially in target countries and populations, will be informative for 
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evaluating and developing these micronutrient formulations to ensure that they are suitable in 

terms of stability, release, and absorption. In previous work, it has been shown that the 

encapsulating material can inhibit iron bioavailability (15, 18), which agrees with the results from 

both of our human studies. This relationship between the encapsulant and the micronutrient is 

directly tied to absorption and should be further studied for our MP platform in animals and in 

humans. Since micronutrients such as Vitamin A or D are more sensitive to thermal degradation 

as compared to iron, there exists a unique opportunity to leverage our MP platform for the storage 

and delivery of highly sensitive micronutrients. Our preliminary storage work and in vivo 

absorption work suggests that delivery of non-mineral micronutrients will be promising, however, 

further evidence is needed in humans. We also demonstrated successful co-encapsulation of 

vitamins A, D, folic acid, and B12; future efforts should focus on investigating how co-

encapsulated micronutrients with known compatibility issues (58) may interact with each other 

since our study was designed to evaluate absorption of a single micronutrient (iron). The 

experimental approaches we have detailed here lay the groundwork to facilitate these additional 

studies and provide a path towards clinical translation.  

In practice, translation of this technology for worldwide use, especially in countries in need 

of solutions for nutrition deficiencies, will still require scaling beyond the kg batch size to metric 

tons. Importantly, the spray drying and atomization processes described here are translatable to 

current commercial scale processes for micronutrients (59). As such, the main cost implication is 

directly related to the added raw material cost of BMC; future considerations to offset this cost or 

justify it must be considered on a country or regional level, since the severity of micronutrient 

deficiencies will be a driving force to balance the technical advantages offered by our 

encapsulation approach. Beyond manufacturing and BMC, cost considerations include the choice 
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of iron sulfate, since it is one of the lowest cost forms of iron (60) and because iron sulfate enables 

higher bioavailability as compared to other iron forms (61). Additional implications will require 

country-, region-, and/or individual-specific MN needs, and careful attention must be paid to local 

public and regulatory policies to enable widespread use of this technology. The MP delivery 

system has been tested in vitro, in vivo in mice, and in humans and has been scaled-up using 

commercially relevant processes. Furthermore, we have demonstrated the modularity and 

tunability of our platform by identifying and subsequently modifying the MPs to address 

absorption limiting design criteria. In summary, a heat-stable pH-responsive polymer-based MP 

delivery system has been developed that shows promise as a platform for micronutrient delivery 

to humans. 

 

Materials & Methods  

Study design 

We hypothesized that a polymer-based MP encapsulation system that maintained micronutrient 

stability in boiling water for hours and rapidly releases micronutrient payloads in acidic stomach 

conditions could address challenges with micronutrient delivery. As such, we studied 

micronutrient absorption in both rodents and human subjects to evaluate our MP technology. 

Animal studies were approved by Institute Committee for Animal Care and Use (IACUC) and 

were performed at the Massachusetts Institute of Technology (MIT). For humans, two studies were 

performed using a single blind, randomized cross-over design. In study 1, three maize porridge 

test meals were administered; in study 2, participants consumed nine wheat bread test meals. All 

test meals were labelled with 4 mg Fe as FeSO4 using stable iron isotopes (54Fe, 57Fe, or 58Fe). 

Labeled FeSO4 was prepared by Dr. Paul Lohmann GmbH (Germany) from isotopically 54Fe- 58Fe 
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and 57Fe-enriched elemental iron (Chemgas, Boulogne, France). Particles used in study 1 were 

produced at MIT and those used in study 2 were produced at Southwest Research Institute (SwRI) 

in San Antonio, TX. Different participants were included in each study. After enrollment each 

participant was allocated to a predefined schedule of test meal sequence and combinations in a 

randomized balanced block design. Each participant served as their own control. In study 1 the 

maize porridge test meals contained fortified salt, added either before or after cooking. The 

fortified salt contained either: (a) FeSO4 (reference); (b) iron-loaded BMC-HA-Fe (0.6%) added 

before cooking; or (c) iron-loaded BMC-HA-Fe (0.6%) added after cooking. In study 2 the wheat 

bread test meals were fortified before baking. The test meals contained either (a) iron-loaded 

BMC-HA-Fe (3.19%); (b) iron-loaded BMC-HA-Fe (18.29%); (c) iron-loaded HA-Fe (8.75%); 

(d) iron-loaded BMC-HA-Fe (3.19%) with VitA-BMC (3.4%; 37.65 mg vitA); (e) iron-loaded 

BMC-HA-Fe (3.19%) with VitA-BMC (3.4%; 37.65 mg vitA) with free folic acid (0.34 mg); (f) 

FeSO4; (g) FeSO4 with HA [25.68 mg to match HA in group (a)]; (h) FeSO4 with BMC [85.19 

mg to match BMC in group (a)]; or (i) FeSO4 with BMC [85.19 mg to match BMC in group (a)] 

with HA [25.68 mg to match HA in group (a)]. Within one week, each participant consumed a test 

meal on three consecutive days, and after a 14 (study 1) and 19 (study 2) day break, a blood sample 

was taken for measurement of stable iron isotope incorporation into the erythrocytes. In study 2 

this procedure was repeated twice. The total study duration of study 1 was 17 days and study 2 

was 64 days. Participants were recruited among female students at the Swiss Federal Institute of 

Technology in Zurich (ETH), and University of Zurich (UZH). Inclusion criteria were: apparently 

healthy, non-pregnant (assessed by a pregnancy test), non-lactating, age between 18 – 40 years, 

weight < 65 kg, body mass index (BMI) of 18.5 – 25 kg/m2, depleted iron status defined as a 

plasma ferritin concentration of < 20 mg/L), and in the absence of systemic inflammation (defined 
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with a C-reactive protein concentration of >5 mg/L). Exclusion criteria were: chronic disease or 

intake of long-term medication (except for oral contraceptives), consumption of mineral and 

vitamin supplements within the 2 weeks before 1st test meal administration; and significant blood 

loss or transfusion, within 4 months before the study initiation. Informed written consent was 

obtained from all participants. Ethical approval for both studies were provided by the ethical 

review committee of Cantonal Ethics Commission of Zurich (study 1: KEK-ZH-Nr. 2015-0094; 

study 2: KEK-ZH-Nr. 2017-01624) and the Committee on the Use of Humans as Experimental 

Subjects at MIT (study 1: COUHES # 1502006932; study 2: COUHES # 

1801201448/1801201448A001); both trials were registered on ClinicalTrials.gov: study 1 

(NCT02353325) and study 2 (NCT03332602). Both studies were powered to detect a nutritionally 

relevant, 30% within-group difference in iron absorption, based on a standard deviation of 0.35 

from log transformed iron absorption from previous studies by our laboratory (62), an α level of 

5% (two tailed) and 80% power; 18 subjects were calculated. In study 1 a 10% drop-out rate was 

anticipated; in study 2, due to the longer duration of the study a 30% drop-out rate was anticipated, 

therefore 20 and 24 subjects were recruited, respectively.  

 

Formulation of one-step MPs (BMC MPs) and two-step MPs (HA-BMC MPs) 

BMC MPs were prepared by a modified oil/water emulsion method (63). The organic phase for 

the emulsion consisted of either: (a) one milligram of blank, or dye labelled HA MPs 

homogeneously dispersed in 1 ml of 100 mg/ml BMC solution in methylene chloride; (b) vitamin 

A (10 mg/ml), vitamin D (2 mg/ml), folic acid-loaded HA MPs (1.3 mg), and B12-loaded HA MPs 

(1.3 mg) dissolved into BMC solution (100 mg/ml, 1ml) in methylene chloride to prepare BMC 

MPs co-encapsulated with four different types of micronutrients; (c) HA MPs encapsulated with 



22 
 

various micronutrients as described in table S2 to synthesize HA-BMC MPs with various 

micronutrient loads; (d), free micronutrients as described in table S2 to synthesize BMC MPs with 

various micronutrient loads; or (e) 1 mg/ml lipophilic carbocyanine DiOC18(7) dye (DiR, Life 

Technologies) and 100 mg/ml BMC in methylene chloride to synthesize fluorescently labeled 

BMC MPs. The resulting organic phases were then emulsified in 20 ml, 10 mg/ml polyvinyl 

alcohol (PVA) solution with a stirring rate at 300 rpm for 10 min. The obtained emulsion was 

added into 100 ml de-ionized water with stirring (500 rpm for 10 min) to solidify the MPs. The 

obtained MPs were allowed to settle by gravity and were thoroughly washed with water. The final 

dry MPs were obtained by lyophilization.  

 

Micronutrient-MP loading, release, and stability  

Vitamins B2, Niacin, Folic acid, B12, A, and D were analyzed via High performance liquid 

chromatography (HPLC, Agilent 1100; Agilent Technologies) using a C-18 column (Acclaim 

PolarAdvantage II, 3 μm, 4.6 × 150 mm) and were detected by a photodiode detector at 265, 265, 

286, 550, 325, and 264 nm, respectively. Iron, biotin, zinc, and vitamin C were analyzed via 

BioVision colorimetric assay kits and vitamin biotin was analyzed via a Sigma colorimetric assay 

kit. Iodine was measured using UV-Vis absorbance at 288 nm. DiR-loaded BMC MPs were 

dissolved in DMSO, and then the dissolved cargo was quantified using a multimode reader 

(TECAN InfiniteM200 PRO) at 750nm. Micronutrient-loaded HA MPs were dissolved in water, 

and micronutrient content was determined as described above for each respective micronutrient. 

To quantify micronutrient loading in the co-encapsulated HA-BMC MPs or the BMC MPs, a 

known mass of MPs was first dissolved in SGF and then analyzed for total micronutrient mass. 

The precipitated BMC was removed via centrifugation using Amicon Ultra centrifuge filters (3000 
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NMWL) at 14000 x g for 30 min to remove HA and BMC. The dissolved micronutrients were 

separated and quantified as described above. To quantify vitamins A and D loading, the MPs were 

dissolved in methylene chloride and the dissolved vitamins A and D were separated and quantified 

as described above. The release profiles of micronutrients were studied in water at RT, boiling 

water at 100°C, and SGF at 37°C. At each time point, samples were centrifuged at 4000 rpm for 5 

min and 900 μl of the supernatant was collected for analysis, and then samples were replenished 

with 900 μl of fresh release medium. For vitamins A and D, the aqueous release medium was 

brought into contact with a layer of methylene chloride, then the extracted fat-soluble vitamins 

within the organic phase were used for analysis. The cumulative release was calculated as the total 

amount of micronutrient released at a particular time point relative to the amount initially loaded. 

Dry micronutrients were dispersed in water and then heated at 100°C for 2 hours before being 

centrifuged at 4000 rpm for 5 min. The stability percentage equals the ratio of stable micronutrient 

after to the actual loading of the micronutrient in the MPs. For samples in unencapsulated form, 

they were either dissolved in water or dispersed in water before being heated for 2 hrs. The sensory 

performance was measured in duplicate as the absolute color change in a food matrix after the 

addition of the Fe microspheres. A banana-milk slurry was chosen as polyphenol rich food matrix. 

The fortificants were added to 70 g banana-milk at a concentration of 60 ppm Fe in banana milk. 

The banana milk was prepared fresh 180 g fresh banana with 520 g organic whole milk (3.9% fat, 

homogenized, pasteurized). Color change was measured in duplicate at baseline (before 

fortification) and 2 hours after fortification and stirring at 350 rpm. The absolute color change of 

∆E was measured and calculated as previously described (64). FeSO4 and ferric pyrophosphate 

(FePP, 20% Fe, micronized powder) were used as positive and negative controls. 
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Dissolution study of DiR-loaded BMC MPs in mice 

Female SKH1-Elite mice (Crl:SKH1-hr) were purchased from Charles River Laboratories at 8-12 

weeks of age. Mice were fed an alfalfa-free balanced diet (Harlan Laboratories, AIN-76A) for 10 

days prior to treatment to reduce food-related autofluorescence. About 200 mg of DiR-loaded 

BMC MPs was administered in 100 µl of water via gavage (n=3). After 15, 30, or 60 minutes, 

mice were euthanized using carbon dioxide asphyxiation. The gastrointestinal tract was 

immediately explanted and imaged using In Vivo Imaging System (IVIS, PerkinElmer). The 

fluorescent signals from mice that had ingested DiR-loaded BMC MPs were compared to mice 

that did not receive MPs. The spectral signatures associated with encapsulated and released DiR 

were then computationally separated from tissue autofluorescence (identified in the control 

samples) to determine the location and status of dye release. Quantified signal/background ratios 

were determined by normalizing the encapsulated or released dye signal, in either the stomach or 

intestines, to a background in control animals receiving no BMC MPs. 

 

In vivo vitamin A absorption in rats 

Tritium-labeled retinyl palmitate (American Radiolabeled Chemicals, Inc.), was used to detect the 

amount of absorbed vitamin A in blood. Radiolabeled VitA-BMC MPs were prepared by the O/W 

emulsion method described above. Female Wistar rats (~250g) were purchased from Charles River 

Laboratories. The rats were divided into two groups: (i) free vitamin A and (ii) VitA-BMC MPs. 

In the free group, vitamin A was delivered in a 4% v/v ethanol/water mixture to enable 

solubilization of vitamin A. The VitA-BMC MPs were dispersed in water and vortexed to form a 

suspension. Each rat was oral gavaged 10 μCi of vitamin A in either its free form or encapsulated 

MPs in 350 µL of either ethanol/water mixture or water total. Residual vitamin A in the syringe 
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and gavage needle were saved and quantified by scintillation counter to calculate the actual feeding 

amount of T-RP for each rat. At 0.5, 1, 2, 3, 4, 5, 6 hours, the rats were anesthetized via isoflurane 

and 200 μL of blood were collected from lateral tail vein. The radioactivity in the samples were 

quantified vita liquid scintillation counting with a Tri-Carb 2810 TR liquid scintillation counter. 

To calculate loading of vitamin A in the VitA-BMC MPs, the MPs were first dissolved in 1 mL 

dichloromethane, and then 5 μL of the solution was mixed with 10 mL Ultima Gold F liquid 

scintillation cocktail (PerkinElmer Inc.). Blood (200 μL) was dissolved in SOLVABLE 

(PerkinElmer Inc.) following recommended protocol, and then 1 mL of the dissolved blood was 

mixed with 10 mL Hionic-Fluor liquid scintillation cocktail.  

 

MatTek EpiIntestinal transport 

EpiIntestinal tissues were purchased from MatTek (Ashland) and used as recommended. For 

transport experiments, the particle constituents BMC, Fe, and HA were separately prepared and 

added to achieve final mass percentages as reported. After 1 hour of incubation at 37°C and 5% 

CO2, transport iron was analyzed in the bottom transwell chamber using the previously described 

BioVision colorimetric assay. 

 

Process development and scale-up 

The detailed process described here was used to manufacture 1 kg of Fe-HA-BMC MPs as shown 

in Fig. 6. A Niro Production Minor pilot scale spray dryer was used to first prepare Fe-HA MPs. 

The feed solution contained 525.5 g sodium hyaluronate, 1309.5 g iron sulfate monohydrate, and 

77 L of deionized water. This solution was fed into the dryer at 250 g/min and atomized with a 2 

mm two-fluid nozzle. The dryer inlet temperature was set to 257°C, resulting in an outlet 
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temperature of 90°C. 1215 g of MPs was recovered. Fe-HA MPs were encapsulated with BMC 

using a custom spinning disc atomization system. The feed solution was prepared with 1152 g of 

BMC and 1.87 g of polysorbate 80 dissolved in 12000 g of dichloromethane (DCM). 48 g of Fe-

HA MPs was added to the DCM solution and placed in a sonication bath for 10 minutes to form a 

stable suspension. The suspension was fed at 110 g/min onto a 10.16-cm diameter stainless steel 

custom disc spinning at 1300 rpm. The disc was mounted 9.144 m high in a 6.096 m × 6.096 m 

tower. The room was heated to 35-40°C. Particles were collected on antistatic plastic located at 

the bottom of the tower. 1059 g of MPs were recovered. These processes were modified for batches 

used in human study 2 by using a Pro-CepT 4M8 laboratory spray dryer for the Fe-HA MPs. All 

new tubing and filters were used with the spray dryer, in addition to cleaning all wetted parts with 

soapy water and a 70% aqueous isopropanol (IPA) solution. The inlet temperature for the spray 

dryer was set to 160°C, resulting in an outlet temperature of approximately 53°C. Solution was 

dried at 8 mL/min through a 0.4 mm air atomized nozzle. The same spinning disc setup was used 

for encapsulating the Fe-HA MPs within BMC. The tower was mopped and cleaned, followed by 

treatment with Vesphene IIse. Encapsulated Vitamin A for feed studies was also prepared using 

the same spinning disc system. A disc speed of 1675 rpm was used as the feed solution was fed to 

a 10.16-cm spinning disc at approximately 115 g/min. The material was collected in a powdered 

by of DryFlo starch. The excess starch was then sieved from the sample to recover the Vitamin A 

MPs. All samples were placed under vacuum with a slow N2 purge for 1 week to remove residual 

DCM. Specific feed conditions for the MPs used in human study 2 are listed in table S4.  

 

Statistical analysis 
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For in vitro and rodent studies, all quantitative measurements were performed on three independent 

replicates. All values are expressed as means ± standard deviations (SD). Statistical significance 

was evaluated using a two-tailed Student’s t-test. Statistical analysis of the human studies were 

done using SPSS Version 22 (human study 1) and Version 24 (human study 2) (IBM SPSS 

Statistics). All data were checked for normal distribution before analysis: Age, weight, height, Hb, 

CRP were normal and the data are presented as means and standard deviations (SD). PF and 

fractional Fe absorption are non-normal and are presented as geometric means and 95% confidence 

interval (CI). Comparisons between meals were done using the square root transformed data fitted 

in a linear mixed model. Meals were entered as a repeated fixed factor (covariance type of scaled 

identity) and subjects as random factors (intercept). If a significant overall effect of meals was 

found, post-hoc tests within different meals were performed using the Bonferroni correction for 

multiple comparisons. A P value of < 0.05 was considered statistically different. 
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Figures 

 

Fig. 1. Particle synthesis and characterization. Schematic representations of the (A) one-step 

and (B) two-step processes for formulating MPs. SEM images of (C) HA MPs, (D) HA-BMC 

MPs, (E) the cross section of an HA-BMC MP (inset: confocal image of an HA-BMC MP with 

fluorescently labeled HA), and (F) the cross section of a BMC MP. Scale bars = 100 µm unless 

otherwise noted. MP: microparticle 
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Fig. 2. Controlled release of micronutrients. (A) Percent cumulative release of 11 different 

individually encapsulated micronutrients in 37°C SGF, pH 1.5 (blue lines), and RT water (black 

lines) or boiling water (red lines). Schematic shows micronutrients encapsulated via one-step 

process (red text) versus two-step process (black text). (B, C) Representative bright-field images 
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and time-lapse release of (B) Vitamin A from BMC MPs and (C) iron from HA-BMC MPs in SGF 

(insets: SEMs). (D) Schematic of 4 co-encapsulated micronutrients [folic acid (purple), B12 

(brown), vitamin A (red), and vitamin D (black)], percent cumulative release in (E) 37°C SGF, (F) 

RT water, and (G) boiling water. Error bars represent SD of the mean (n = 3). Scale bars = 200 

µm. SGF: simulated gastric fluid; RT: room temperature 
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Fig. 3. Protection from heat, light, and chemical interactions. Recovery of individually 

encapsulated versus unencapsulated (free) micronutrients after exposure to (A) boiling water and 

(B) light. (C) Recovery of co-encapsulated micronutrients after boiling in water. (D) Time history 

of color change (ΔE), an indication of a chemical reaction between iron and polyphenols present 
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in banana milk, of lab-scale Fe-HA-BMC MPs versus unencapsulated (free) iron. (E) Time-lapse 

release of iron from HA-BMC MPs after boiling in water for 2 h room temperature and upon 

immersion in room temperature SGF. Error bars represent SD of the mean (n = 3). *P < 0.05 as 

determined by student t-test. 
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Fig. 4. In vivo release of a model dye and absorption of vitamin A. (A) Representative IVIS 

images (logarithmic scale) of explanted murine gastrointestinal tract harvested after oral 

administration of dye-loaded BMC MPs showing encapsulated dye (purple) and released dye 

(green) over 60 minutes. (B) Quantitative analysis of encapsulated dye in the stomach (solid purple 

bars), released dye in the stomach (solid green bars), encapsulated dye in the intestines (hatched 
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purple bars), and released dye in the intestines (hatched green bars). Error bars represent SD of the 

mean (n = 3). (C) Blood content of radiolabeled vitamin A over a 6 hour period after oral gavage 

of free vitamin A (blue lines) or VitA-BMC MPs (red lines). Error bars represent SEM (n = 6). 
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Fig. 5. Bioavailability of iron in humans and iron transport in an in vitro intestinal barrier 

model. (A) Iron bioavailability as assessed by erythrocyte iron incorporation in young women 

(n=20) after ingestion of unencapsulated (free) uncooked iron as FeSO4 (red circles), encapsulated 

uncooked iron (black squares), and encapsulated cooked iron (blue triangles) and expressed as a 

percentage of the total amount that was ingested. Iron transported across a human in vitro intestinal 

barrier model after addition of iron in the presence of varying amounts of MP constituents (B) HA 

and (C) BMC and expressed as a percentage of transported free iron. Error bars in (A) represent 
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geometric means (n = 20) with 95% CI. *P < 0.05, free Fe and each encapsulated group as 

determined by post-hoc paired student t-test with Bonferroni correction. Error bars in (B, C) 

represent SD of the mean (n = 3). NSD: no significant difference 

 

Fig. 6. Process development and scale-up. (A) Schematic showing the process for the scaled 

synthesis of 1 kg of Fe-HA-BMC MPs. SEM images of (B) the Fe-HA MP intermediate product 

and (C) the Fe-HA-BMC final product. (D) Iron release from scaled Fe-HA-BMC MPs in 37°C 

SGF, pH 1.5 (blue line), room temperature water (black line), and boiling water (red line). Error 

bars represent SD of the mean (n = 3). 
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Fig. 7. Bioavailability of iron in humans from higher-loaded Fe-HA-BMC MPs. Iron 

bioavailability as assessed by erythrocyte iron incorporation in young women (n=24) after 

ingestion of free iron as FeSO4 (red circles), 3.19% Fe-HA-BMC MPs (black squares), and 18.29% 

Fe-HA-BMC MPs (blue triangles) and expressed as a percentage of the total amount of iron that 

was ingested. Error bars represent geometric means (n = 24) and 95% CI. *P < 0.05, **P < 0.01 

Significant effect of meal on iron absorption determined by linear mixed models, participants as 

random intercept, meal as repeated fixed factor, and post-hoc paired comparisons with Bonferroni 

correction P < 0.05. NSD: no significant difference 
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Materials and Methods 

Materials 

All materials were from Sigma unless otherwise specified. The BMC polymer, 

poly(butylmethacrylate-co-(2-dimethylaminoethyl)methacrylate-co-methylmethacrylate) (1:2:1), 

was from Evonik Industries, where Eudragit E PO-powder and Eudraguard Protect-powder were 

respectively used to formulate small scale and larger scale batches of MPs. The HA was from 

Lifecore Biomedical. The Ge was from Sigma; The Iron (ferrous sulfate, FeSO4∙7 H2O) was from 

Sigma; Iodine (potassium iodate, KIO3) was from Sigma; Zinc (zinc sulfate, ZnSO4) was from 

Sigma. The Vitamin A (retinyl palmitate) was from Alfa Aesar; Vitamin B2 (riboflavin) was from 

Sigma; Niacin (nicotinic acid) was from Sigma; Vitamin B7 (biotin) was from Sigma; Vitamin B9 

(folic acid) was from Sigma; Vitamin B12 (cobalamin) was from Sigma; Vitamin C (ascorbic acid) 

was from Sigma; Vitamin D3 (cholecalciferol) was from Sigma. The dichloromethane was from 

Sigma. The SGF was from Ricca Chemical Company.  

 

Formulation of HA MPs 

HA MPs were formulated using a modified inverse emulsion technique (65). Blank HA MPs were 

prepared by homogenizing an HA solution (Low molecular weight HA, Mn = 384 kDa, Mw = 803 

kDa; 1 wt % in de-ionized water) in mineral oil (30 ml) containing 120 µl of Span80 for 10 min 

using a Silverson L5M-A laboratory mixer (Silverson Machines, Inc.). To prepare the lab-scale 

MN encapsulated HA MPs, vitamins folic acid, B12 and/or ferrous sulfate heptahydrate were 

dissolved in the HA aqueous solution (1 wt% in 2 ml of de-ionized water) as described in table 

S2. The resulting solution was then used for the preparation of the emulsion as described above. 

The aqueous phase of the emulsion was allowed to evaporate for 24 hours at 45°C with constant 

stirring. The obtained HA MPs were then isolated by centrifugation at 3000 rpm for 5 min and 

thoroughly washed by hexane and acetone before drying under vacuum overnight. To prepare 

fluorescently labeled HA MPs, HA derivatives containing aldehyde groups (HA-CHO) were first 

synthesized using sodium periodate following reported procedures (66). Since oxidation causes 
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chain cleavage of the HA (66), high molecular weight HA (Mn=1096 KDa, Mw=2698 KDa) was 

used in this case. The molecular weight of obtained HA-CHO was analyzed by gel permeation 

chromatography (GPC). The degree of modification was quantified as 65% by an iodometry 

method following reported methods (67). To formulate fluorescent HA MPs, HA-CHO and 

unmodified HA were mixed with a weight ratio of (1:1) and were then used to prepare the MPs by 

the inverse emulsion method as described above. For dye labelling, one milligram of the HA-MP 

containing aldehyde groups was dispersed in a methanol solution of CF405M (fluorescent dye 

containing aminooxy group, Biotium Inc.). Acetic acid (5 µl) was added to accelerate the reaction. 

The reaction was then allowed to proceed for 12 hours at room temperature. The dye labelled 

particles were collected by centrifugation (3000 rpm, 5min), and thoroughly washed using 

methanol before drying under vacuum. 

 

Morphological MP characterization  

Three different microscopic methods were used to characterize the MP size, morphology, and cross 

sections; namely, optical microscopy (Olympus MX40), scanning electron microscopy (JEOL 

5910 SEM), and confocal microscopy (Zeiss LSM 700 Laser Scanning Confocal). Dry MPs were 

coated with Pt/Pd before SEM imaging. Dye labeled HA MPs were visualized by the confocal 

microscope at an excitation wavelength at 405 nm, with a band pass filter of 420-475 nm. Reported 

mean particle diameters were estimated using ImageJ based on at least 20 counts of the particles 

from SEM images. 

 

Clinical study: Iron absorption studies, procedure, and laboratory analyses 

Study procedure: Study 1 was conducted in March – April in 2016 at the Laboratory for Human 

Nutrition (HNL) in Zürich. 118 participants attended the screening 1-2 weeks before test meal 

administration, weight and height were measured, a blood sample for Hb, PF and CRP 

measurement was collected, and 20 participants meeting the inclusion and exclusion criteria were 

invited to participate. Test meals A, B and C were administered on 3 consecutive days (study days 

D1, 2 and 3), the subjects were instructed to consume no solid food after 20.00 h and no fluids 

after 24.00 h the evening before test meal administrations. They consumed the test meals between 

07.00-09.00 h each morning under direct supervision. After consuming the entire maize porridge 

test meal, the bowl was rinsed twice with 10 ml water and participants drank the rinsing liquid and 

remained fasting (no food nor drink) for 3 hours after test meal administration. On D17, a venous 

blood sample was taken for determination of Hb, PF, CRP, and determination of stable iron isotope 

ratio into the erythrocytes. The test meal consisted of porridge made from 50 g whole maize flour, 

served with 30 g vegetable sauce (44% cabbage, 21% carrots, 21% zucchini, 12% onions, 2% oil) 

and 1 g salt. The amount of iron added to the porridge through fortified salt would correspond to 

a level of 80 ppm iron in directly fortified maize flour. The maize flour contained 1.52 mg Fe/100 

g and 736.8 mg phytic acid /100 g. Each test meal contained 50 mg of maize and an additional 4 

mg of fortification iron; thus, total iron and phytic acid content in the test meals was 4.8 mg Fe 

and 368 mg phytic acid, resulting in an iron to phytic acid ratio of 1:6.5. Ascorbic acid content of 

the test meals was negligible, 0.4 mg/meal. Thus, the test meal matrix was an inhibitory matrix in 

terms of iron absorption (45). Nanopure water (300 ml) was served as a drink with the test meals. 

The vegetable sauce was prepared in bulk and stored frozen in portions until administration. Maize 

flour was precooked as follows: on the night before test meal administration, each individual maize 

portion was mixed with warm 18 MΩ/cm water, preheated in the microwave (1 min, 600 W), and 

then baked in an oven at 100° C for 60 min. After overnight refrigeration, on the administration 
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day, maize porridge was preheated in the microwave for 1 minute at 600 W, and then cooked for 

further 30 min in the oven (100°C). The test meals with the cooked iron-loaded BMC-HA MPs 

were fortified before the microwaving step. The test meals with the non-cooked iron-loaded BMC-

HA MPs were cooled down for 10 minutes to just under 50°C before the microspheres were added. 

The defrosted and preheated vegetable sauce was added just before serving.  

Study 2 was conducted between April – July 2018 at the HNL. Prior the test meals, 77 

participants attended screening, weight and height were measured, a blood sample for Hb, PF and 

CRP measurement was collected, 24 eligible participants were invited to participate. The 

participants were instructed with the same fasting conditions as in study 1. After consuming the 

entire bread test meal, the participants were instructed to consume all bread crumbs that had fallen 

into the plate. As in study 1 the participants remained fasting for 3 hours after test meal 

administration. The 9 test meals were administered in 3 blocks, within the first week, 3 test meals 

were administered on 3 consecutive days (D1, 2, and 3). On D22 a blood sample was drawn for 

determination of Hb, PF, CRP, and determination of stable iron isotope ratio into the erythrocytes. 

The next block of test meals was administered on D22, 23 and 24, and again on D43 a blood 

sample was drawn, within that week the last block of test meals was administered on D43, 44 and 

45. The last blood sample was taken on D64. All bread roll test meals were prepared the afternoon 

before test meal administration, two doughs were prepared made of 1 kg refined wheat flour each, 

5.5 g salt, 14 g dry yeast and 650 g of nanopure water, the dough was kneaded for 10 min using a 

kitchen machine. And then weighed into portions of 100 g. 1/3rd of the portion was fortified with 

the microspheres, and 2/3rd of the portion was used to cover the fortified core. The amount of iron 

added to the bread was 67 ppm iron in wheat flour. After forming, the bread rolls were fermented 

for 45 minutes at 30°C and 80% relative humidity, and then baked for 20 minutes at 190°C. They 

cooled down on a cooling rack and wrapped in paper and stored at RT until consumption the next 

morning. The bread rolls consisted of 59.9 g wheat flour, 0.3 g of salt and 0.8 g of dry yeast, with 

the bread roll 300 ml of nanopure water was served as a drink. 

Test meal analysis: Sample analyses of the test meals were done in triplicate. Iron 

concentrations of the maize flour and bread rolls were measured by graphite-furnace atomic 

absorption spectrophotometry (AA240Z; Varian) after mineralization by microwave digestion 

(MLS ETHOSplus, MLS). The phytate concentration of the maize flour and the bread roll was 

measured by spectrophotometry Makower method, in which iron was replaced by cerium in the 

precipitation step (68). Ascorbic acid concentration in the vegetable sauce was measured by HPLC 

(Acquity H-Class UPLC System; Waters AG) after stabilization in 10 % metaphosphoric acid. 

Blood analysis: Hb was measured by using a Coulter Counter (Study 1: Beckman Coulter, 

CA, USA; Study 2: Sysmex XN-350). PF and CRP was measured by using immunoassays (Study 

1: Siemens Healthcare IMMULITE 2000; study 2: IMMULITE1000). Anemia was defined as Hb 

< 12 g/dL, Iron deficiency (ID) as PF < 15 mg/L and ID anemia as Hb < 12 g/dL and PF < 15 

mg/L (69). Whole blood samples collected on D17 (study 1), and in study 2 on D22, 43, and 64 

were mineralized by using HNO3 and microwave digestion followed by separation of the iron from 

the blood matrix by anion-exchange chromatography and a precipitation step with ammonium 

hydroxide (70). All isotopic analyses were performed by using MC-ICP-MS (Neptune; Thermo 

Finnigan). The amounts of 57Fe, 54Fe and 58Fe isotopic labels in blood 14 d after administration of 

the test meals were calculated on the basis of the shift in iron isotope ratios and on the estimated 

amount of iron circulating in the body. Circulating iron in the body was calculated based on 

hemoglobin and blood volume, derived from the participant’s height and weight (71). Fractional 

absorption (FIA) was calculated based on the assumption of an 80% incorporation of absorbed 
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iron into the red blood cells. In study 2, the isotopic ratio value of D22 and 43 served as a new 

baseline value for the after test meal administrations. Relative bioavailability (RBV) of iron was 

calculated as follows: 100/FIAreference meal*FIAtest meal. 

Supplemental Figures 

 
 

Fig. S1. Lab-scale co-encapsulation of micronutrients. Schematic representations of the two-

step process for formulating co-encapsulated micronutrient MPs. 

 

 

 
Fig. S2. Vitamin B12 release as a function of pH. Release of vitamin B12 from HA-BMC MPs 

in SGF (black squares), pH 2 HCl (black circles), and pH 3 HCl (black triangles). Error bars 

represent SD of the mean (n = 3).  
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Fig. S3. HA-BMC MP electron micrograph after 2 hours in boiling water. SEM image of HA-

BMC MPs after exposure to boiling water for 2 hours. 

 

 
 

Fig. S4. Spectral fingerprinting of DiR-loaded MPs. (A) Spectral fingerprint and (B) 

representative IVIS images of a DiR-loaded BMC MPs when encapsulated (purple) or released in 

SGF (green).  
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Fig. S5. Release, electron micrographs, and time history of color change for 3.19% and 

18.29% Fe-HA-BMC MPs. (A) Release of iron from, and SEM image of, 3.19% Fe-HA-BMC 

MPs. (B) Release of iron from, and SEM image of, 18.29% Fe-HA-BMC MPs. (C) Release of iron 

from 3.19% and 18.29% Fe-HA-BMC MPs at short time points in SGF. (D) Sensory performance 

of scaled Fe-HA-BMC MPs and their individual constituents in a food matrix (banana milk), 

compared to FeSO4 and FePP, at 60 ppm Fe. Absolute color change ∆E±SD is given at 120 min 

against the non-fortified matrix. Horizontal line represents the threshold below which ∆E cannot 

be detected. Error bars represent SD of the mean (n = 3). 
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Fig. S6. Evaluation of iron absorption from 3.19% Fe-HA-BMC MPs in humans when co-

administered with VitA-BMC MPs and free folic acid. Iron bioavailability as assessed by 

erythrocyte iron incorporation in young women (n=24) after ingestion of 3.19% Fe-HA-BMC MPs 

(red circles), 3.19% Fe-HA-BMC MPs with VitA-BMC MPs (black squares), and 3.19% Fe-HA-

BMC MPs with VitA-BMC MPs and free folic acid. These values are expressed as a percentage 

of the total amount of iron that was ingested. Error bars represent geometric means (n = 24) and 

95% CI. Significant effect of meal on iron absorption determined by linear mixed models, 

participants as random intercept, meal as repeated fixed factor, and post-hoc paired comparisons 

with Bonferroni correction P < 0.05. NSD: no significant difference 

 

 

 

 

 



54 
 

 
 

Fig. S7. Comparison of iron absorption from 3.19% Fe-HA-BMC MPs with each MP 

constituent both individually and in combination. Iron bioavailability as assessed by 

erythrocyte iron incorporation in young women (n=24) after ingestion of 3.19% Fe-HA-BMC MPs 

(red circles), 8.75% Fe-HA MPs, free iron with free HA (purple squares), free iron with free BMC 

(green diamonds), free iron with free HA and free BMC (orange stars), free iron (grey crossbars). 

These values are expressed as a percentage of the total amount of iron that was ingested. Error bars 

represent geometric means (n = 24) and 95% CI. *P < 0.05, **P < 0.01 Significant effect of meal 

on iron absorption determined by linear mixed models, participants as random intercept, meal as 

repeated fixed factor, and post-hoc paired comparisons with Bonferroni correction P < 0.05. NSD: 

no significant difference 
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Table S1. Polymers evaluated as potential MP matrix materials. Polymers were evaluated 

based on the need to address key issues limiting current food fortification technologies, 

specifically enabling: (i) the encapsulation of both water-soluble and fat-soluble micronutrients, 

(ii) rapid release in the stomach to ensure intestinal absorption, and (iii) the protection of the 

encapsulated micronutrients from high temperature, moisture, and oxidizing chemicals during 

cooking or storage. To assess whether polymers could address these challenges, we selected 

specific requirements for the chosen polymer. Requirement 1 (Column 2) is that the polymer 

must be soluble in organic solvents to facilitate formulation with fat-soluble micronutrients. 

Requirement 2 (Column 3) is that the polymer must be soluble in gastric conditions (below pH 

5) to enable burst release in the stomach and subsequently intestinal absorption. Requirement 3 

(Column 4) is that the polymer must currently be used in either pharmaceuticals or dietary 

supplements to enable clinical translation. Requirement 4 (Column 5) is that the polymer must 

be stable at high temperatures and high humidity to ensure that the encapsulated micronutrients 

will be protected during cooking and storage. Shaded boxes indicate requirements that have been 

met by the polymer. Only the pH-responsive basic methacrylate copolymer (BMC), Eudragit E 

PO, met the requirements for each column and as such was chosen to be the encapsulating 

matrix. Abbreviations: Methanol: MeOH; Ethanol: EtOH; Acetone: Ace; Dichloromethane: 

DCM; Isopropanol: IPA. 

 

Polymer 

(Commercial 

Product) 

Solvent 

Solubility 

Aqueous 

Solubility 

GRAS Status/ 

History of Use 

Storage Stable 

at High 

Temperatures 

and Humidity 

Refs 

Requirements 

Solubility in 

organic solvents 

required to 

encapsulate fat-

soluble 

micronutrients 

pH <5 

aqueous 

solubility 

required to 

enable 

stomach 

release 

Use in 

pharmaceutical or 

dietary products 

required for safety 

and approval 

Stability 

required to 

ensure that 

micronutrients 

remain viable 

after cooking 

or long-term 

storage 

 

Polyvinyl Acetate 

Phthalate 

(Opadry 91 Series, 

Sureteric) 

MeOH, EtOH, 

EtOH:Ace, 

MeOH:DCM, 

IPA:DCM, 

IPA:H2O 

Aqueous  

≥pH 5 

Listed in FDA 

inactive ingredients 

for approved drug 

products 

Yes 
(72, 

73) 

Cellulose Acetate 

Phthalate  

(Cellacefate, 

Eastman C-A-P) 

Ace, Ace:EtOH, 

Ace:IPA, 

Ace:MeOH, 

Ace:DCM, 

DCM:EtOH 

Aqueous  

≥pH 6 

Listed in FDA 

inactive ingredients 

for approved drug 

products 

No: hydrolyze 

at high 

temperature 

and humidity 

(74-

76) 

Hypromellose 

Phthalate 

EtOH:DCM, 

EtOH:Ace, 

EtOH:H2O 

Aqueous  

≥pH 5 

Listed in FDA 

inactive ingredients 

for approved drug 

products 

No: hydrolyze 

at high 

temperature 

and humidity 

(77, 

78) 
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Hypromellose 

Acetate Succinate 

(AQOAT,  

AquaSolve) 

MeOH, Ace, 

EtOH:DCM, 

EtOH:H2O 

Aqueous 

 ≥pH 5-6.5 

Listed in FDA 

inactive ingredients 

for approved drug 

products 

No: hydrolyze 

at high 

temperature 

and humidity 

(79, 

80) 

Shellac 
MeOH, EtOH, 

IPA  

Aqueous 

>pH 7 

Listed in FDA 

inactive ingredients 

for approved drug 

products 

No: 

polymerize at 

high 

temperature 

and humidity 

(81-

85) 

Chitosan No 
Aqueous  

<pH 6.5 
Self-affirmed GRAS 

No: 

hydroscopic 

and variations 

in  molecular 

weight, 

deacetylation, 

and purity  

(86-

88) 

Ethyl methacrylate-

methacrylic acid 

copolymer 

(1:1 copolymer 

ratio) 

(Eudragit L 100-55) 

MeOH, EtOH, 

IPA, Ace 

Aqueous  

>pH 5.5 

Listed in FDA 

inactive ingredients 

for approved drug 

products 

Yes 

(50, 

89, 

90) 

Methyl 

methacrylate-

methacrylic acid 

copolymer  

(1:1 copolymer 

ratio) 

(Eudragit L 100) 

MeOH, EtOH, 

IPA, Ace 

Aqueous 

 >pH 6 

Listed in FDA 

inactive ingredients 

for approved drug 

products 

Yes 

(50, 

89, 

90) 

Methyl 

methacrylate-

methacrylic acid 

copolymer  

(1:2 copolymer 

ratio) 

(Eudragit S 100) 

MeOH, EtOH, 

IPA, Ace 

Aqueous  

>pH 7 

Listed in FDA 

inactive ingredients 

for approved drug 

products 

Yes 

(50, 

89, 

90) 

Methyl 

methacrylate-

dimethylaminoethyl 

methacrylate-butyl 

methacrylate 

copolymer 

(1:2:1 copolymer 

ratio) 

(Eudragit E PO, 

Eudraguard) 

MeOH, EtOH, 

IPA, Ace, DCM, 

ethyl acetate 

Aqueous  

<pH 5 

Listed in FDA 

inactive ingredients 

for approved drug 

products 

Yes 

(50, 

91, 

92) 



58 
 

Table S2. Formulation parameters and loadings for lab-scale microparticles. All values are 

mean ± SD. MN = Micronutrient. 

  

Lab-scale BMC microparticles 

MN 
MN 

(mg) 

BMC 

(mg) 

Loading 

(µg/mg) 

Loading 

% 

Encapsulation Efficiency (EE) 

(%) 

Vitamin A 10 100 73 ± 7 7.3 ± 0.7 80 ± 8 

Vitamin B2 15 200 67 ± 2 6.7 ± 0.2 96 ± 3 

Vitamin C 20 200 63 ± 2 6.3 ± 0.2 69 ± 2 

Vitamin D 2 100 12 ± 1 1.2 ± 0.1 61 ± 5 

Zinc 17 100 11 ± 1 1.1 ± 0.1 7.6 ± 0.7 

Iodine 5 100 21 ± 3 2.1 ± 0.3 44 ± 6 

Lab-scale HA-BMC microparticles 

  HA-particle BMC-HA microsphere 

MN 
MN 

(mg) 

HA 

(mg) 

Loading 

(µg/mg) 

Loading 

% 

EE 

(%) 

HA-MN 

(mg) 

BMC 

(mg) 

Loading 

(µg/mg) 

Loading 

% 

EE 

(%) 

Fe 30 20 185 ± 5 
18.5 ± 

0.5 

31 

± 2 
11.3 200 6.0 ± 0.1 

0.6 ± 

0.01 

61 

± 1 

Vitamin 

B9 
5 20 117 ± 21 

11.7 ± 

2.1 

59 

± 11 
5.2 100 1.7 ± 0.1 

0.17 ± 

0.01 

29 

± 2 

Vitamin 

B12 
5 20 141 ± 17 

14.1 ± 

1.7 

71 

± 9 
2.5 100 2.3 ± 0.1 

0.23 ± 

0.01 

67 

± 3 

Lab-scale Ge-BMC microparticles 

  Ge-particle BMC-Ge microsphere 

MN 
MN 

(mg) 

Ge 

(mg) 

Loading 

(µg/mg) 

Loading 

% 

EE 

(%) 

Ge-MN 

(mg) 

BMC 

(mg) 

Loading 

(µg/mg) 

Loading 

% 

EE 

(%) 

Vitamin 

B3 
15 20 58 ± 5 5.8 ± 0.5 

14 

± 1 
5 200 0.4 ± 0.1 

0.04 ± 

0.01 

28 

± 7 

Vitamin 

B7 
17 20 320 ± 5 32 ± 0.5 

70 

± 1 
3 200 3.5 ± 0.6  

0.35 ± 

0.06 

74 

± 

13 
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Table S3. Subject characteristics of human study 1 and 2. All female, no significant difference 

in baseline characteristics between the study populationsa. 

 

Baseline subject characteristics of study participants for human study 1 and 2 

Characteristics Study 1 Study 2 

n (number of subjects) 20 24 

Age
b
 [year] 22.8 ± 3.5 22.4 ± 1.9 

Height [meter] 1.66 ± 0.06 1.64 ± 0.06 

Weight [kg] 57.3 ± 4.1 57.8 ± 6.2 

Body Mass Index [kg/m
2
] 20.8 ± 1.5 21.3 ± 1.4 

C-Reactive Protein
c
 [mg/L] 0.62 (0.36, 1.07) 1.07 (0.72, 1.59) 

Plasma Ferritin [µg/L] 11.6 (9.4, 14.5) 13.2 (10.5, 16.5) 

% Iron Deficient
d
 (PF < 15 µg/L) 65 58 

Hemoglobin [g/L] 13.4 ± 0.85 13.2 ± 0.95 

% Anemic
e
 (Hemoglobin < 120 g/L) 5 8 

% IDA
f
 5 4 

aindependent t-test, P < 0.05 
b
all such values are mean ± SD 

c
all such values are geometric mean (95% CI) 

d
ID, Iron deficiency, defined as PF < 15 µg/L 

e
Anemia, defined as Hb < 120 g/L 

f
IDA, iron deficiency anemia, defined as PF < 15 µg/L and Hb < 120 g/L 
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Table S4. Process design formulation parameters and loadings for MPs used in the second 

human study. Loading values are mean ± SD. 

  

Human study 2 MPs 

 Fe-HA MPs 

(Spray dry) 

Fe-HA-BMC MPs 

(Spinning disc) 

Fe isotope 

(mg of Fe/g of MP) 
FeSO

4
 feed (g) HA feed (g) HA-Fe feed (g) BMC feed (g) 

54
Fe  

(31.9 ± 0.7 mg/g) 

5.57 

(1.98g 
54

Fe) 
9.84 9.23 19.44 

57
Fe 

(182.9 ± 3.8 mg/g) 

3.78 

(1.41g 
57

Fe) 
1.89 3.57 0.32 

57
Fe 

(87.5 ± 1.0 mg/g) 

0.80 

(0.30g 
57

Fe) 
2.35 N/A N/A 

 VitA-BMC MPs 

(Spinning disc collected in starch bed) 

Vitamin A isotope 

(mg of Fe/g of MP 
VitA feed (g) BMC feed (g) 

Vitamin A  

(34 ± 2.4 mg/g) 
54 1026 
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Table S5. Quality control tests for MPs used in both human studies. Loading values are mean 

± SD. CFU = Colony forming units; LAL = Limulus Amebocyte Lysate; ppm = parts per millions; 

USP = United States Pharmacopeia  

 

Human study 1 MPs 

Formulation 

(Loading) 
Quality control tests 

Fe isotope 

(mg of Fe/g 

of MP) 

Kinetic-

Chromogenic 

LAL Testing 

Bioburden 

(Aerobic) 

Bioburden 

(Soybean-

Casein Digest 

Agar/Tryptic 

Soy Agar) 

Bioburden 

(Sabouraud

-Dextrose 

Agar) 

ppm 

of 

DCM 

USP 

<467> 

ppm of 

Residual 

Acetone 

USP 

<467> 

ppm of 

Residual 

Ethanol 

USP 

<467> 

ppm of 

Residual 

Hexane 

USP 

<467> 
54Fe 

(6.81 ± 0.13 

mg/g) 

< 0.047 

EU/mg 

< 1 

CFU/ml 
< 1 CFU/ml 

< 1 

CFU/ml 
< 600 < 5000 < 5000 < 41 

57Fe 

(6.09 ± 0.20 

mg/g) 

< 0.004 

EU/mg 

< 1 

CFU/ml 
< 1 CFU/ml 

< 1 

CFU/ml 
< 600 < 5000 < 5000 < 41 

Human study 2 MPs 

Formulation 

(Loading) 
Quality control tests 

Fe isotope 

(mg of Fe/g 

of MP) 

LAL Bacterial 

Endotoxin 

(USP 40 <85>) 

Bioburden 

(Aerobic) 

(USP 40 <61>) 

Bioburden 

(Yeast-Mold) 

(USP 40 <61>) 

ppm of DCM 

54Fe 

(31.9 ± 0.7 

mg/g) 

< 0.0500 EU/mg 100 CFU/g < 100 CFU/g 131 

57Fe 

(182.9 ± 3.8 

mg/g) 

< 5.00 EU/mg < 100 CFU/g 100 CFU/g < 138 
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